were deposited only on astrocytes. Early oligodendrocyte injury with MAC deposition was also found in rat brain following intracerebral injection of AQP4-IgG, complement and a fixable dead-cell stain. These results support a novel complement bystander mechanism for early oligodendrocyte injury and demyelination in NMO.
Introduction
Neuromyelitis optica spectrum disorders (herein called NMO) is an autoimmune disease of the central nervous system in which circulating immunoglobulin G autoantibodies against astrocyte water channel aquaporin-4 (AQP4-IgG) found in most NMO patients can produce injury to spinal cord, optic nerve and brain [13] . AQP4-IgG binding to AQP4 on astrocytes is likely the major initiating pathogenic event in AQP4-IgG seropositive NMO, which causes downstream inflammation, activation of complement-and cell-mediated cytotoxicity mechanisms, blood-brain barrier disruption, demyelination and neuronal injury. Pathology in humans and animal models indicates that oligodendrocyte injury and demyelination are early and prominent features in NMO [12, 19, 39] .
Activation of the classical complement pathway is a central mechanism in NMO pathogenesis. There is prominent perivascular deposition of the complement membrane attack complex (MAC) in human NMO lesions [14, 16, 24] and complement-dependent NMO pathology is seen in rodents administered AQP4-IgG [1, 2, 26] . Astrocyte injury caused by MAC deposition is a consequence of AQP4-IgG binding to astrocyte AQP4 Abstract Neuromyelitis optica spectrum disorder (herein called NMO) is an autoimmune inflammatory disease of the central nervous system in which immunoglobulin G antibodies against astrocyte water channel aquaporin-4 (AQP4-IgG) cause demyelination and neurological deficit. Injury to oligodendrocytes, which do not express AQP4, links the initiating pathogenic event of AQP4-IgG binding to astrocyte AQP4 to demyelination. Here, we report evidence for a complement 'bystander mechanism' to account for early oligodendrocyte injury in NMO in which activated, soluble complement proteins following AQP4-IgG binding to astrocyte AQP4 result in deposition of the complement membrane attack complex (MAC) on nearby oligodendrocytes. Primary cocultures of rat astrocytes and mature oligodendrocytes exposed to AQP4-IgG and complement showed early death of oligodendrocytes in close contact with astrocytes, which was not seen in pure oligodendrocyte cultures, in cocultures exposed to AQP4-IgG and C6-depleted serum, or when astrocytes were damaged by a complement-independent mechanism. Astrocyteoligodendrocyte cocultures exposed to AQP4-IgG and complement showed prominent MAC deposition on oligodendrocytes in contact with astrocytes, whereas C1q, the initiating protein in the classical complement pathway, and C3d, a component of the alternative complement pathway, Electronic supplementary material The online version of this article (doi:10.1007/s00401-017-1734-6) contains supplementary material, which is available to authorized users.
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and subsequent complement activation initiated by C1q binding to astrocyte-bound AQP4-IgG. However, oligodendrocytes, whose injury triggers demyelination, do not express AQP4 and hence cannot bind AQP4-IgG. It has been postulated that oligodendrocyte injury and demyelination in NMO is a secondary action of the inflammatory process and astrocyte loss, or perhaps caused by inflammatory or other factors such as excitatory neurotransmitters released by injured astrocytes [15] .
Here, we report evidence for a complement 'bystander mechanism' for early oligodendrocyte injury and demyelination in NMO in which activated, soluble complement components (C5b67) produced in response AQP4-IgG binding to astrocytes and activation of the classical complement pathway result in MAC deposition on nearby oligodendrocytes and consequent injury. Oligodendrocytes are particularly susceptible to complement injury because of their low expression of CD59 [21, 28, 37] , a membrane-bound glycoprotein that inhibits MAC formation. It has been estimated that the range for bystander-induced complement cytotoxicity is ~2.5 µm [8] , which would allow injury of closely intermingled oligodendrocytes following complement activation on astrocytes. There is precedent for complement bystander cytotoxicity for astrocyte injury in Rasmussen's encephalitis following complement activation by glutamate receptor GluR3 autoantibodies in neurons [36] , and for a large increase in membrane conductance of rat cerebral artery smooth-muscle cells caused by complement activation on aged erythrocytes [18] . The experimental evidence here includes cytotoxicity and immunofluorescence in astrocyte-oligodendrocyte cocultures exposed to AQP4-IgG and complement, as well as in rat brain following intracerebral AQP4-IgG administration.
Materials and methods

Materials
Recombinant purified AQP4-IgG (rAb-53) [3, 6] was provided by Dr. Jeffrey Bennett (University of Colorado, Aurora, CO). Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless specified otherwise. Sprague-Dawley rats were purchased from Charles River Laboratories (Wilmington, MA) and bred at UCSF. AQP4 −/− rats for control studies were generated by CRISPR/Cas9 as will be reported separately. All animal procedures were approved by the University of California, San Francisco Animal Care and Use Committee (IACUC).
Cell culture
Oligodendrocyte precursor cell (OPC) cultures from rat brain were generated as described [7, 40] . Briefly, brains from postnatal day 7 pups were harvested and cortex was placed in cold Hank's balanced salt solution (HBSS, pH 7.2; Invitrogen, Camarillo, CA) without Ca 2+ and Mg 2+ . After removal of the meninges, tissue was diced, digested in papain and DNase I, triturated with an 18-gauge needle, and centrifuged. The tissue pellet was resuspended in DMEM containing 10% FBS and trypsin inhibitor, passed through a 70-µm nylon strainer and centrifuged on 15% Percoll. OPCs were enriched using anti-O4 MicroBeads (Miltenyi Biotec, San Diego, CA). Cells were cultured in NeuroBasal medium (Gibco, Grand Island, NY) containing 1% FBS, 2% B27-supplement without vitamin A, non-essential amino acids, l-glutamine and plateletderived growth factor-AA (25 ng/ml; ProSpec-Tany TechnoGene, Rehovot, Israel) for 24 h and then in the same medium without serum. The OPC yield was 5 × 10 5 cells per brain with >95% purity. Rat brain astrocytes were isolated using the same steps as used for OPCs but concentrated by using anti-GLAST MicroBeads (Miltenyi Biotec, San Diego, CA) and cultured in DMEM/F12 with 10% FBS. Cocultures containing OPCs and astrocytes were generated to give ~10:1 cell ratio. After isolation, cells were cultured in PDL-coated flasks with medium consisting of Advanced DMEM/F12 (Gibco) containing B27, 4 mM glutamine, 25 ng/ml PDGFaa and 0.75% FBS. Passage 3 cells were sub-cultured (20,000 cells/well) on PDL-coated 18-mm diameter round coverglasses (Neuvitro, Vancouver, WA) in 12-well plates. After 24-48 h in culture, when cells reached 50-60% confluence, 150 nM triiodothyronine (T3) was added to the medium with reduced PDGF (5 ng/ml) to induce the OPC maturation. Cells were cultured for 3 more days, with medium (containing T3) changed once.
Complement-dependent cytotoxicity
Specified concentrations of AQP4-IgG (or control human IgG, Thermo Fisher Scientific, Rockford, IL) and human complement (Innovative Research, Novi, MI) were added in Hank's buffer, and cells were incubated at 37 °C for specified times. A fixable dead-cell stain (amine-reactive dye, Invitrogen, Eugene, OR) at 1:1000 dilution was added 30 min prior to cell fixation. In some experiments C6-deficient human complement, without or with added C6 (64 µg/ml) (both from Complement Technology, Tyler, TX) to rescue complement activity, was used instead of normal complement. In some experiments the astrocyte toxin α-aminoadipic acid (Santa Cruz Biotechnology, Dallas, TX) at 2 mM was added to astrocyte-oligodendrocyte cocultures for 75 min.
For live-cell real-time imaging, astrocyte-oligodendrocyte cocultures were grown on 6-well plates and imaged by phase-contrast optics using a 20×, 0.45 NA objective lens on a Nikon Eclipse Ti microscope equipped with an environmental chamber at 37 °C and 5% CO 2 . Ethidium homodimer-1 (1 µM, Invitrogen, Eugene, OR) was added to the culture medium prior to image acquisition. Transmitted light (phase-contrast) and red fluorescence images were obtained sequentially every 2 min for a 30 min baseline period and then for a further 2 h following addition of 20 µg/ml AQP4-IgG and 2% complement.
Rat studies
AQP4-IgG was delivered to adult rats by intracerebral injection. Rats were anesthetized with ketamine (100 mg/ kg) and xylazine (10 mg/kg) and mounted on a stereotaxic frame. Following a midline scalp incision a 1-mm diameter burr hole was drilled 0.5 mm anterior and 3.5 mm lateral to the bregma for insertion of a 40-µm diameter tip pulled glass pipette to a depth of 3 mm. AQP4-IgG (or control IgG, each 15 µg) together with 26% complement and 6 µM fixable dead cell dye ethidium homodimer-1 (EH-1) was infused in a volume of 6 µl over 9 min. The glass pipette was kept in place for 10 min before withdrawal to prevent leaking. At 90 min rats were deeply anesthetized and transcardially perfused with 200 ml heparinized PBS and 200 ml of 4% PFA in PBS. Brains were removed and postfixed for 4 h in 4% PFA and cryoprotected in 20% sucrose for cutting 7-µm thick sections on a cryostat.
Immunofluorescence
Following treatments, cell cultures were rinsed in PBS, fixed with 4% PFA for 15 min, and then were blocked with 1% BSA and 0.2% Triton-X in PBS for 1 h. Cultures were incubated at room temperature for 2 h, and brain sections were incubated at 4 °C overnight with antibodies against AQP4 (1:200, Santa Cruz Biotechnology), GFAP (glial fibrillary acidic protein, 1:1000; Millipore), MBP (myelin basic protein, 1:100, Santa Cruz Biotechnology), Olig2 (oligodendrocyte lineage transcription factor 2, 1:100, Santa Cruz Biotechnology), C1q-FITC (1:50, Abcam, Cambridge, MA), C5b-9 (1:100, Santa Cruz Biotechnology), C3d (1:50, Santa Cruz Biotechnology) or CD59 (5 µg/ml, Lifespan Bioscience), followed by the appropriate species-specific Alexa Fluor-conjugated secondary antibody for 1 h (5 µg/ml each, Invitrogen). AQP4-IgG was detected using Alexa Fluor-conjugated anti-human IgG. Sections were mounted with VectaShield (Vector Laboratories, Burlingame, CA) and immunofluorescence was visualized on a Nikon confocal microscope using a 20×/0.5 N.A., 60×/1.42 N.A. oil objective lens or 100×/1.25 N.A. oil objective lens.
Results
Characterization of rat astrocyte-oligodendrocyte cocultures
Rat astrocyte-oligodendrocyte cocultures were used for the in vitro studies here because, unlike brain slices or intact brain, the extracellular solution composition and cellular makeup can be specified with precision, and high-resolution imaging is possible. For studies of astrocyte-related oligodendrocyte injury, culture conditions were established to give a ratio of oligodendrocytes: astrocytes of ~10:1 in order to visualize several oligodendrocytes surrounding well-separated astrocytes. Figure 1a shows astrocyteoligodendrocyte cocultures with different cell ratios. The various cocultures were >95% pure, as seen by immunofluorescence for markers of astrocytes (GFAP), mature oligodendrocytes (MBP) and immature oligodendrocytes (NG2).
The cocultures showed expression of AQP4, the target of AQP4-IgG autoantibodies, on astrocytes but not oligodendrocytes. The cocultures expressed complement inhibitor protein CD59 on astrocytes but not oligodendrocytes (Fig. 1b) , in agreement with prior findings [21, 37] , predicting much greater intrinsic susceptibility of oligodendrocytes than astrocytes to complement-mediated cytotoxicity (CDC). Functional CDC studies were done by measurement of cell death following exposure to AQP4-IgG and human complement. In pure cell cultures, AQP4-IgG and control-IgG produced similar low oligodendrocyte cytotoxicity, whereas substantially greater cytotoxicity was seen for AQP4-IgG vs. control-IgG in the astrocyte cultures (Fig. 1c) .
Complement bystander mechanism for oligodendrocyte injury in astrocyte cocultures
CDC measurements done in astrocyte-oligodendrocyte cocultures showed killing of MBP-positive (mature, myelinating) oligodendrocytes located nearby astrocytes. Timelapse imaging, as seen in Supplemental Movie 1 with still images shown in Fig. 2a , showed that an early event following AQP4-IgG and complement exposure is slight swelling and structural alterations of astrocytes, with retraction of oligodendrocyte processes that are in contact with astrocytes, followed by eventual oligodendrocyte death as seen by uptake of red fluorescing ethidium homodimer-1. The example here shows that complement can cause oligodendrocyte death even under conditions where the adjacent astrocyte survives, demonstrating the high sensitivity of cultured oligodendrocytes to complement-mediated injury, due in part to the absence of CD59. Many examples were also seen of dead oligodendrocytes near dead astrocytes (not shown).
Quantitative data for oligodendrocyte killing were obtained following incubation of cocultures for 2 h with AQP4-IgG and complement, followed by fixation, immunostaining and fluorescence imaging. Figure 2b shows red (dead cell) staining of many oligodendrocytes (labeled blue with MBP antibody) near astrocytes (labeled green with GFAP antibody). Figure 2c summarizes the percentage of dead oligodendrocytes located at different distances from astrocytes, showing marked, preferential killing of nearby oligodendrocytes.
Further experiments tested the hypothesis that killing of oligodendrocytes nearby astrocytes occurs by a complement bystander mechanism. Immunofluorescence was done to determine the cellular deposition pattern of the initiating complement component C1q and the terminal complement membrane attack complex C5b-9. Fluorescence micrographs in Fig. 3a , b, as quantified in Fig. 3c , show that C1q immunofluorescence is restricted to astrocytes when cells were exposed to AQP4-IgG and complement, whereas C5b-9 immunofluorescence is seen on both astrocytes and nearby oligodendrocytes. Also, C3d (the degradation product of C3b) immunofluorescence was restricted to astrocytes (Fig. 3d) , providing evidence against involvement of the alternative complement pathway in oligodendrocyte injury. These findings demonstrate that activation of the classical complement pathway in response to AQP4-IgG binding to AQP4 occurs exclusively on astrocytes, whereas the terminal complement membrane attack To investigate the possibility that oligodendrocyte killing might be caused by early components of the complement pathway (C1 though C5) such as anaphylatoxins C3a and C5a, which are activated upon AQP4-IgG binding to astrocytes, astrocyte-oligodendrocyte cocultures were exposed to C6-depleted human serum in which activation of the classical complement pathway can occur but the terminal attack complex cannot form. Exposure of cocultures to C6-depleted serum did not produce cytotoxicity under conditions in which marked cell killing was seen with normal (complement-containing) serum (Fig. 4a, c) , supporting the conclusion that MAC deposition on oligodendrocytes mediates cell death. As a control, addition of purified C6 to the C6-depleted serum restored cell killing, confirming the activity of the C6-depleted serum.
Oligodendrocyte responses to complement-independent astrocyte injury
To determine if astrocyte damage by itself is sufficient to injure nearby oligodendrocytes, astrocytes were injured by a complement-independent mechanism using the astrocyteselective toxin α-aminoadipic acid [5, 11] . The time and concentration for toxin administration were first established in which many astrocytes but few oligodendrocytes were killed in pure cultures. Exposure of astrocyte cultures to 2 mM α-aminoadipic for 75 min caused 82% cell death in pure astrocyte cultures but only 8% death in pure oligodendrocyte cultures. Under these coculture conditions there was marked astrocyte cytotoxicity but little oligodendrocyte death (Fig. 4b, c) . These results suggest that effector molecules produced by injured astrocytes, such as excitatory neurotransmitters or cytokines, do not injure nearby oligodendrocytes under the in vitro culture conditions here.
Evidence for a complement bystander mechanism in rat brain in vivo
Last, experiments were done to support a complement bystander mechanism for oligodendrocyte injury in rat brain in vivo. For these studies we adapted an intracerebral injection model in rats in which AQP4-IgG injection into brain produces characteristic NMO pathology with astrocytopathy, complement activation, inflammation and demyelination [1] . To study early cell death, rat brains were injected with AQP4-IgG, human complement, and the dead cell stain ethidium homodimer-1 (EH-1) used in time-lapse imaging studies (Fig. 5a) . Complement was included with the injected AQP4-IgG in these studies to ensure immediate and consistent exposure of astrocytes to complement for examination of fixed brain sections. Brains were examined at an early (90 min) time point and a dead cell stain was included to enable visualization of injured oligodendrocytes prior to their disappearance. Figure 5b shows many EH-1 positive dead cells following AQP4-IgG injection in AQP4 +/+ rat brain, but not in AQP4 +/+ rat brain following control-IgG injection or in AQP4
−/− rat brain following AQP4-IgG injection. At higher magnification, EH-1 positive astrocytes and nearby oligodendrocytes were seen 90 min after AQP4-IgG injection in AQP4 +/+ rat brain (Fig. 5c) , which was not seen in AQP4 +/+ rat brain injected with control-IgG injection or in AQP4
−/− rat brain injected with AQP4-IgG (Fig. 5d ).
Injected human AQP4-IgG (detected with anti-human secondary antibody) was seen on EH-1 positive cells and colocalized with C5b-9 (Fig. 5e, row i) . C5b-9 positive, EH-1 positive cells include both astrocytes (row ii) and oligodendrocytes (row iii). Quantitation showed 1.8 ± 0.3-fold greater MAC deposition (C5b-9 staining) on GFAPpositive cells than on Olig2-positive cells (3 rats, 5 contiguous sections analyzed per rat). The results support the conclusion that AQP4-IgG and complement injures AQP4-expressing astrocytes and nearby oligodendrocytes in rat brain by a complement bystander mechanism.
Discussion
The data here support a novel pathogenesis mechanism in AQP4-IgG seropositive NMO that could explain the early and marked oligodendrocyte injury and demyelination. The generally accepted pathogenesis mechanism in seropositive NMO involves AQP4-IgG entry into the central nervous system and binding to astrocyte AQP4, which causes primary complement-and cell-mediated astrocyte injury with secondary inflammation, blood-brain barrier disruption, and demyelination [17] . The involvement of AQP4-sensitized T cells has also been proposed based on CNS pathology following T cell administration [4, 27] , though the relevance of non-humoral mechanisms in human NMO is unclear. Various alternative NMO pathogenesis mechanisms have been proposed [9, 10] but largely refuted [23, 25] , including excitotoxic injury, AQP4-IgG inhibition of AQP4 water permeability, and AQP4-IgG-induced internalization of specific AQP4 isoforms. The substantially greater intrinsic sensitivity of oligodendrocytes to complement-induced injury compared to that of astrocytes would amplify complement bystander effects. Of note, other complement regulatory proteins such as CD46 and CD55 cannot protect against bystander cytotoxicity because they target steps in the complement activation pathway upstream of C6 activation [41] .
Several lines of evidence support a complement bystander mechanism for oligodendrocyte injury following activation of the classical complement pathway by AQP4-IgG binding to AQP4 on astrocytes (Fig. 6) , in which the soluble C5b67 complex that is formed on astrocytes diffuses to nearby oligodendrocytes. Killing by AQP4-IgG and complement was seen in oligodendrocytes very near astrocytes in cocultures; AQP4-IgG-induced killing was not seen in pure oligodendrocyte cultures, as expected, as oligodendrocytes do not express AQP4. The deposition of C1q and C3d exclusively on astrocytes, and the deposition of MAC on both astrocytes and nearby oligodendrocytes, provides strong support that complement activation is initiated by astrocytes, resulting in MAC deposition and killing of astrocytes and nearby oligodendrocytes. The absence of cytotoxicity with C6-depleted serum indicates that oligodendrocyte killing is caused by the terminal membrane attack complex rather than upstream components of complement activation, such as anaphylatoxins, that are produced following AQP4-IgG-induced activation of the classical complement pathway. The absence of oligodendrocyte death in response to astrocyte death produced by α-aminoadipic acid suggests little contribution of complement-independent oligodendrocyte injury mechanisms in the cocultures, which is supported by AQP4-IgG/ complement studies where oligodendrocyte death is seen nearby viable astrocytes. The substantially greater intrinsic sensitivity of oligodendrocytes to complement-induced injury compared to that of astrocytes, because of differential CD59 expression, amplifies the complement bystander effect.
Complement deposition occurs most efficiently when AQP4 is aggregated into orthogonal arrays [20] . AQP4 arrays are concentrated at specific subcellular sites in vivo [29, 38] , most notably in the paravascular endfeet of astrocytes but also at the glia limitans and in juxtaparanodal processes of white matter astrocytes [30, 35] . These juxtaparanodal AQP4 arrays are located immediately adjacent to the myelin sheath of axonal fibers and may be the source of bystander complement responsible for demyelination in vivo. A complement bystander mechanism could explain not only early oligodendrocyte injury and demyelination, as investigated here, but perhaps might also explain in part the early injury to microvessels in NMO and consequent blood-brain barrier disruption, as brain microvascular endothelial cells are located immediately adjacent to AQP4-enriched endfeet and so may be susceptible to complement bystander injury.
The complement bystander mechanism supported by the data here has implications for NMO therapeutics approaches. Drugs targeting downstream aspects of the inflammatory response may have limited efficacy in preventing oligodendrocyte injury and demyelination in an NMO disease exacerbation if oligodendrocyte injury is produced by a complement bystander mechanism that bypasses the inflammatory response. Similar considerations would apply to other potential complement bystander targets such as microvascular endothelia and corresponding blood-brain barrier disruption. Therapeutics targeting AQP4-IgG levels [31, 32] , AQP4-IgG interaction with AQP4 [33, 34] , complement, or remyelination [40] would be less affected by a complement bystander mechanism. As formation of the complement membrane attack complex is the major cytotoxic event in bystander killing, drugs targeting late components of complement (C5 through C9), or the complement inhibitor CD59, are predicted to be effective and combinable with drugs targeting alternative mechanisms of NMO pathogenesis.
We note limitations in translating the experimental models data here to human NMO. The rat model necessitated measurements at an early time point following synchronized injection of AQP4-IgG, complement and a dead cell marker, which was necessary to identify injured oligodendrocytes before their disappearance. It would probably be difficult to identify injured oligodendrocytes with MAC deposition in human specimens obtained well after the initiation of NMO pathology and without the aid of a dead cell stain. Another limitation is the differences in densities of astrocytes and oligodendrocytes in human versus rodent brain. Regarding cell coculture models, it is not possible to recapitulate the in vivo AQP4 polarization, inflammatory mechanisms and cellular composition. Our studies focused on mature, myelinating oligodendrocytes rather than immature precursor cells or other CNS cell types. We speculate, however, that complement bystander killing may occur in various other cell types in the CNS that express little CD59 and are in close physical proximity to astrocyte end-feet. We lastly note that although the in vivo rat studies here support a complement bystander mechanism it is difficult to exclude additional local mechanisms that may promote oligodendrocyte injury in vivo such as toxic factors released by injured astrocytes, activated granulocytes [22] or AQP4-specific T cells [4] . A prior study that proposed glutamate-induced oligodendrocyte toxicity following AQP4-IgG-induced astrocyte injury [15] , but we note that cytotoxicity was minimal and that in vitro coculture data with stagnant extracellular media cannot easily translate to in vivo glutamate toxicity.
In conclusion, our results provide a novel, complementdependent mechanism in NMO by which AQP4-IgG binding to astrocytes injures surrounding oligodendrocytes, resulting in early and marked demyelination. Our results, however, cannot quantify the relative importance of complement bystander injury versus alternative mechanisms, such as toxins released by injured astrocytes, to early oligodendrocyte injury in human NMO.
